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We have studied the effect of a non-vanishing neutrino magnetic moment (fi v ) on the (x=e, fJ,, r) elastic scat- 
tering off electrons for the Super-Kamiokande detector. The bounds on the \i v we have obtained are comparable 
to that extracted from laboratory experiments. Furthemore, we outline the potential of the Borexino experiment 
which may be sensitive to neutrino magnetic moments < 10 _10 ^is. In our analysis we have considered both cases 
of Majorana and Dirac neutrinos. 



1. Introduction 

The solar neutrino problem (SNP) is nowadays 
regarded as a direct evidence for physics beyond 
the standard electroweak model. This is due 
to the fact that the observed deficit of electron 
neutrinos in all solar neutrino experiments can 
only be explained assuming that non-zero neu- 
trino masses and/or neutrino magnetic moments 
might lead to flavour, spin or spin-flavour neu- 
trino oscillations of the solar left-handed neutri- 
nos i^ e L @]-@- At the same time a lot of work 
has being done also to understand the implica- 
tions of the uncertainties in helioseismology 
and nuclear physics || for the SNP. 

As was already pointed out in the literature ||- 
p"3[ a non- vanishing neutrino magnetic moment, 
fx v , can also affect the neutrino elastic scatter- 
ing off electrons through which solar i/'s are de- 
tected in Super-Kamiokande (SK). Therefore the 
expected signal in such a detector may depend 
also on the electromagnetic properties of the neu- 
trinos. 

In previous works JlJ,[lj| bounds have been 
obtained on \i v from Kamiokande and Super- 
Kamiokande data, taking into account the restric- 
tions on the v e survival probability imposed by 
Homestake, Gallex and SAGE experiments. 

In this work we present an updated analysis 
of the effect of a non-vanishing magnetic mo- 
ment on the scattering off electrons for the Super- 
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Kamiokande detector, similarly to the study car- 
ried on in (l3). We have considered both the cases 
of Dirac and Majorana neutrinos. 

For dcfinitcncss we examine the two neutrino 
system v e — (x=/i, r) with a non-zero mass dif- 
ference Sm 2 . In the solar interior the spin-flavour 
resonant conversion J™ v e h — > v x r, with proba- 
bility Pr , occurs at higher matter density with 
respect to the usual MSW resonant conversion 
^eL — > ^xL Hj characterised by the probability 
PlQ- As a result of both conversions we have three 
different neutrino 'flavours' reaching the Earth: 
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Pr $s 



W — x R ^SSM , 

= Pl(1 - Pr) $ssm = Pxl$ssm , 

= (1 - Pl)(1 - Pr) $SSM = PeL $SSM 



(1) 



here $ssm is the standard solar model (SSM) pre- 
diction for a certain component of the neutrino 
flux |lj] . In the above relations there are only 
two independent quantities, e.g. P e L and Pr. 
Hence P L = 1 - where P R < 1 - P eL . On 

the basis of this picture we have calculated the 
expected signal in SK experiment. 

For the sake of simplicity, we assume that all 
the probabilities are energy independent. In par- 
ticular the present SK data on the v e h energy 
spectrum do not yet exclude that P e L is energy 

1 We remind that the z/ x l — > spin-flavour resonance 
would occur at a much higher matter density, for given 
6m 2 . We assume therefore that it does not take place in 
the solar interior. 

2 The picture envisaged from the eq. (Jj]) could appear, for 
example, when the MSW and spin-flavour resonances lie 
far away from each other to be treated separately. This 
may be the case in the central region of the sun. 
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independent for E„ > 6.5 MeV |]|. 

2. Signal in the Super-Kamiokande detec- 
tor 



We can now find the values of the neutrino 
magnetic moment compatible with solar neutrino 
experiments, i.e needed to obtain the signal ob- 
served at the Superkamiokande. 



The total signal in the Super-Kamiokande ex- 
periment, for the case of Dirac neutrinos, can be 
written as 
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total 
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w-fcm 



SK — ±L SK 

PeL [« L ) + <0] 



(2) 



where the averaged total v — e cross sections are 
■ a. I dE^ M (E„)a l a (E„), (3) 



where a = ^ e L,^xL.R and i=em for electromag- 
netic and i=w for weak cross sections. $ g ^ M (£' t/ ) 
is the 8 B solar neutrino flux from BP98 EM. In 
the calculation of the cross sections a l a {E v ) we 
have taken into account the energy resolution of 
the detector |l6j. The electromagnetic cross sec- 
tion can be taken e.g. from Kerimov et al ]l7| . 
Taking into account that < cx° m > oc ^ it is easy 
to see that for P c l = 1,Pr = P x l = 0, and 
/ij/ e = we obtain the SSM expectation for the 
signal. 

In our analysis we use the most recent SK data 
for the 8 B solar neutrino flux, $g^f = (2.44 ± 



0.05) x 10 b 
prediction ■ 
fl4|| , namely 

7 _ ^SK 



cm s 

V BP98 



|TJ, normalised to the SSM 
= (5.15 ±0.98) x 



ft*' 1 

^BP98 



0.47 ±0.09. 



(4) 



As opposite to the Super-Kamiokande exper- 
iment, the Homestake detector is only sensitive 
to the z^L component of the solar neutrino flux 
and the total rate is mainly due to 8 B neutrinos. 
Considering the experimental data |L9| Zq] — 
0.28 ± 0.03, we can assume that for the higher 
energy spectrum of 8 B neutrinos, E„ > 6 MeV, 
the neutrino survival probability is P e L ~ 30%. 
Therefore this implies a total depletion of the in- 
termediate energy 7 Be neutrinos as the present 
understanding of the SNP points to 



3. Limits on neutrino magnetic moments 

We have studied the impact of non-vanishing 
/i„ in the SK signal taking into account the contri- 
bution of the several neutrino 'flavours' as shown 
in (Q). In Fig. 1 we show the contour-plots for 
Zk =0.47 in the parameter space (Pr, /z„), where 
/i„ = /i„ o = /i„ x . We repeat our analysis with 
other values of Zk, just to understand implica- 
tions of uncertainties in the SSM used in the eval- 
uation of [i v . Notice that the larger the value 
of Pr the larger the value of needed to satu- 
rate in order to compensate for the loss of the 
^ X L component (recall that P 6 l is fixed at 0.3) . 
The present experimental Zk implies the bound 
(2 -i- 5) x 10~ 10 /ib, almost independently of 

Pr- 

We have considered also the case with \i v = /i„ x 
and \l Vc = 0. In this case we obtain a similar plot 
as that in Fig.l and the limit fi„<5x 10 _1c Vb- 

For the sake of completeness we have also stud- 
ied the case of Majorana neutrinos, for which the 
antineutrino state = v. 



xL 



> x , is 'active', 
having both electromagnetic and standard weak 
interactions. Hence in the eq. (2) one more term 
is to be added, i.e. Pr((J™ }. We remember that 
for Dirac neutrinos both diagonal or transition \i v 
can be generated |2(J, while for Majorana neutri- 
nos only transition (off-diagonal) magnetic mo- 
ments are allowed ]2l"[ . 

In Fig. 2 we show our result in this scenario: 
the upper bound for Majorana neutrinos comes 
out to be similar, [i v < (1.5 — 4.0) x 10~ 1c Vb for 
the extreme case Pr = 0.7 . Note that for Pr < 
0.7 , smaller values of /i„ are in principle tolerated 
as the £ x 's contribute to the weak cross section 
(compare with the Dirac case shown in Fig. 1). 
Our upper limit was obtained assuming vanishing 
vacuum mixing angle (and then Pl = 0), thereby 
satisfying the experimental constraints on the v e 
which could emerge from the subsequent vacuum 
oscillation v x — ► v e \22\. 

We conclude that the bounds we have obtained 
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Figure 1. The contour plots of the expected 
signal versus the SSM prediction Zk in Super- 
Kamiokande in the (Pr , /j, u ) parameter space 
in the case of Dirac neutrinos. The dotted, 
solid, dashed and dot-dashed curves correspond 
to Z K = 0.55, 0.47, 0.4 and Z K = 0.37, respec- 
tively. [l v is given in units of Bohr magneton. 

are slightly more restrictive than those from ac- 
celerator experiments, namely in the case of \i v it 
is fi Vlt < 7.4 xlO -10 ^!!' However our bounds 
are still not comparable to those from reactor ex- 
periments, - (j, Ve < 1.8 x 10~ 10 /ib. Needless to say 
that our results are more stringent in the case of 
\i Vt for which \i Vt < 5.4 x 10~ 7 /iB @- 

Finally, we have discussed the potential of the 
future Borexino experiment f23| which will detect 
7 Be neutrinos through v— e elastic scattering. For 
fi v = 10~ 10 hb, the cross section a em can be com- 
parable to a™ for E v < 1 MeV. Therefore we can 
expect a substantial signal in Borexino even in 
the case of complete conversion of the initial 7 Be- 
VgS into j/ x r or u x . In Fig. 3 we have plotted the 
energy distribution of the events for Borexino in 
the case of complete conversion v e — > v x (dotted 
line). We note that in this distribution we have 
taken into account the contributions from all solar 
neutrino components. However the 7 Be neutrinos 
contribute to more than 90% of the signal. Other 
important contribution is given by the pep flux 



Figure 2. The same as in Fig.l but for the Majo- 
rana case. 

of solar neutrinos. For comparison we also shown 
the SSM distribution (solid line). We can ex- 
pect ~ 50% of the SSM prediction and a specific 
distortion of the spectrum. This is in contrast 
with the case of pure MSW conversion {ji v = 0) 
Ve — > fx that would imply a (20-^25)% reduction 
in the signal. 

4. Conclusions 

In this contribution we have updated the anal- 
ysis on the effect of a non-vanishing neutrino 
magnetic moment on the v — e cross section in 
Super-Kamiokande experiment. The limits we 
achieved < (2 5) x 10~ 10 /is - remain 

comparable to that extracted from the previous 
Kamiokande data as the electromagnetic cross 
section is smaller than the weak one for the en- 
ergy range involved, E > 6 MeV. Therefore ex- 
periments with a much lower energy threshold 
- such as Borexino or Hellaz - could exhibit a 
much better sensitivity to a non-zero fi u and con- 
sequently provide a better testing of the spin- 
flavour resonant conversion itself as a solution to 
the SNPfH[l|. 
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Figure 3. The energy distributon of the events 
in Borexino experiment. The dotted curve repre- 
sents the expected signal in the case of complete 
v e v x (Majorana case) with \x v = 10 _10 /Lts. 
The solid line corresponds to the SSM distribu- 
tion. 
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